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On the diameter dependence of metal-nanowire Schottky barrier height
Yonatan Calahorra,1, a) Eilam Yalon,1 and Dan Ritter1, b)
Dept. of Electr. Eng., Technion - Israel Inst. of Technology, Haifa 32000,
Israel
Bardeen’s model for the non-ideal metal-semiconductor interface was applied to
metal-wrapped cylindrical nanowire systems; a significant effect of the nanowire di-
ameter on the non-ideal Schottky barrier height was found. The calculations were
performed by solving Poisson’s equation in the nanowire, self-consistently with the
constraints set by the non-ideal interface conditions; in these calculations the barrier
height is obtained from the solution, and it is not a boundary condition for Poisson’s
equation. The main finding is that thin nanowires are expected to have tens of meV
higher Schottky barriers compared to their thicker counterparts. What lies behind
this effect is the electrostatic properties of metal-wrapped nanowires; in particular,
since depletion charge is reduced with nanowire radius, the potential drop on the in-
terfacial layer, is reduced - leading to the increase of the barrier height with nanowire
radius reduction.
a)Electronic mail: yoncal@tx.technion.ac.il
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I. INTRODUCTION
Semiconducting nanowires (NWs) of a few to ∼ 100 nm in diameter have been studied
as future electronic-device building blocks, as well as active components in bio/chemical
sensing systems, photovoltaics, photoemission, thermoelectrics and nano-electro-mechanical
systems (NEMS) for the last 25 years1,2. A prerequisite for successful and controllable device
realization is a detailed understanding of the governing physics; in particular, understanding
electrical contact properties is fundamental to device operation. When discussing nanoma-
terials, size and geometry may play a significant role in exhibited characteristics; e.g., axial
(“end-on”) contacts to nanowires were found to have diameter dependent properties3,4.
Herein, the electrostatic analysis of metal-wrapped semiconducting NW contacts is pre-
sented, taking into account non-ideal interface effects, described by Bardeen’s model5. The
model introduces a thin interfacial layer between the metal and the semiconductor, and ac-
counts for acceptor and donor like interfacial trap states; the barrier height is obtained from
the solution of the problem instead of taken as a boundary condition for Poisson’s equation.
This distinction is crucial, since if the Schottky barrier is treated as a constant parameter6–8,
the electrostatic model does not allow incorporating the effect of surface states; indeed, the-
oretical studies dealing with the effect of surface states on the depletion properties of NWs,
have considered the NW-ambient interface, rather than the NW-metal interface9–11, which
is of interest in many practical cases.
Since the resulting equations cannot be solved analytically, the barrier height as a func-
tion of NW radius is calculated numerically, and the results are discussed in an electrostatic
context. The analysis shows that NW diameter has a significant effect on the barrier height,
due to the size and geometry dependence of the problem’s electrostatics.
II. THEORETICAL BACKGROUND
A. Non-ideal metal-semiconductor interfaces
The ideal model for the metal-semiconductor contact (Schottky-Mott rule) suggests that
the Schottky barrier height is determined by the metal’s work function, φm, and the semi-
conductor electron affinity, χ by5
φB,ideal = φm − χ (1)
Figure 1 shows the schematic band diagrams of the metal-semiconductor system according
to the ideal and non-ideal models. This ideal model was found to describe experimental
results with only a limited degree of success, and a more elaborate model was introduced by
Bardeen, accounting for the interface properties5; the essential relations for the planar case
are reviewed here to allow the subsequent direct comparison to the cylindrical case.
In the non-ideal case (Fig. 1b), an interfacial layer of thickness δ lies between the metal
and the semiconductor, and it may accommodate a voltage drop ∆, which is the difference
between the ideal barrier and the effective barrier
∆ = φB,ideal − φB,eff (2)
2
furthermore, this voltage drop sustains the capacitive relations of a metal-oxide-semiconductor
(MOS) system
∆ = −δQM
i
= −δ (QSS +QSC)
i
(3)
where QSS, QSC , QM are the area charges of the surface, volume, and the metal, correspond-
ingly. For simplicity, we assume the relative permittivity of the interfacial layer is 1, and i
is the vacuum permittivity.
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FIG. 1: Schematic representation of the metal-semiconductor contact; a) Ideal case; b)
Non-ideal model, with the a voltage drop ∆ on the interfacial layer.
In order to calculate the effective barrier the two expressions for ∆ (Eq. 2,3) are equated,
and the charges are expressed with the effective barrier
QSS = −qDit (EF − qφ0 + EV ) = −qDit (Eg − qφ0 − qφB,eff ) (4)
QSC = qWdep(φB,eff )ND (5)
where φ0 is the surface neutrality level. On the right-hand side of the equation, the difference
between Fermi level and the neutrality level determines the surface charge, according to the
product with the surface state density, Dit; states above (underneath) the neutrality level
are acceptor (donor) type. The depletion charge is the depletion width times the doping
3
concentration.
Combining Eq. 2-5 for the standard planar case and applying the depletion approxima-
tion, results in a simple quadratic equation; solving it yields the effective barrier height. Two
physically distinct limiting cases exist, depending on the surface properties: 1) Dit −→ 0,
where there is no surface charge and the barrier will approach the ideal value (if the de-
pletion charge is neglected), or the barrier will be lowered according to the solution of the
quadratic equation; 2) Dit −→∞, where surface charge dominates and Fermi-level pinning
occurs. We set-out to examine how the application and results of this model would change,
in cylindrical systems of various radii.
B. Nanowire electrostatics
We consider a cylindrical semiconducting NW, wrapped by a metallic contact. A depleted
shell will form at the NW surface, its thickness determined by NW doping; correspondingly,
a radial band bending will occur, as shown schematically in Fig. 1. This model is applicable
to vertical NW devices, where the top contact encompasses the top section of the NW, and
to omega-like side contacts, where most of the NW circumference is metal wrapped12–17.
Usually, in order to calculate the band diagrams, Poisson’s equation in cylindrical coor-
dinates is formulated with mixed boundary conditions, where, according to the depletion
approximation, charge distribution results from ionized dopants
d2φ
dr2
+
1
r
dφ
dr
= −qND
s
; Rdep < r < R (6)
φ(R) = −φB ; dφ
dr
∣∣∣∣
Rdep
= 0 (7)
where φ(r) is the potential, ND is the doping concentration (donors), and the conduction
band, EC , satisfies EC − EF = −qφ. The solution and subsequent analysis have been
presented previously10,11,18. Recently we have expanded the analysis by considering the
effects of radially non-uniform doping in NWs (i.e. ND = ND(r))
8; the existence of such
doping profile has been demonstrated experimentally by several authors19–25. However, up
until now electrostatic-oriented studies have considered the barrier height as a boundary
condition, and not as the quantity to be calculated.
As will be discussed below in detail, the main result following the solution of Eq. 6, is the
dependence of the depletion width on NW radius: as the NW becomes smaller, the depletion
width increases. Intuitively this may be understood looking at the second term (from the
left) of the equation, which is the addition to the equation in cylindrical coordinates: in
order to sustain the equation dφ/dr must drop as r coordinate decreases and 1/r increases.
Below we explore how the solution to the radial equation affects the non-ideal model.
The boundary condition at the NW surface (r = R), describes the ideal barrier of the
metal-semiconductor interface, and it could also be applied to a known case of Fermi-level
pinning. The solution to Eq. 6 is given by
φ(Rdep < r < R) = −φB − qND
s
[
R2dep
2
ln
(
R
r
)
− R
2
4
+
r2
4
]
(8)
with Rdep as a parameter. In order to find the depletion width, Wdep = R−Rdep, we consider
the built in potential across the depletion region which is determined by −φB at the surface,
4
and (EC − EF )/q in the NW core; see Ref. 8 for a comprehensive discussion.
III. THEORETICAL PROCEDURE
A. Applying Bardeen’s model to nanowire contacts
Stating Eq. 3 in cylindrical coordinates, requires expressing charge and capacitance per
unit-length26. The capacitance in this case is given by
Ccyl =
2pii
ln (1 + δ/RNW )
[F/cm] (9)
and the equation is written
∆ = −(QSS,cyl +QSC,cyl)
Ccyl
(10)
where
QSS,cyl = 2piRNWQSS [C/cm] (11)
QSC,cyl = 2piq
RNW∫
0
r · (ND(r)− n(r)) dr [C/cm] (12)
it is important to recall that there is no closed form expression for the depletion width
in cylindrical coordinates; moreover, when doping is non-uniform the problem’s complexity
increases. Therefore, in order to increase the solution’s accuracy, the most general expression
for the volume charge, q (ND(r)− n(r)), is used in Eq. 12.
Under similar considerations Poisson’s equation is written as
d2φ
dr2
+
1
r
dφ
dr
= −q (ND(r)− n(r))
s
(13)
where the potential at the interface gives the barrier, φ(RNW ) = −φB,eff ; it is crucial to
acknowledge that the potential at the interface is not a constraint or a boundary condition
for the solution in this case, and that it is extracted upon solving the coupled equations.
The potential and carrier concentration are related by Fermi-Dirac statistics5
n(r) =
2√
pi
NcF1/2 (qφ/kT ) (14)
where Nc is the effective density of states in the conduction band, and F1/2(x) is the Fermi-
Dirac integral. We use an analytical approximation for the Fermi-Dirac integral, as pre-
sented by Bednarczyk and Bednarczyk27, and applied by Chia and LaPierre in a NW related
study11.
A numerical procedure based on MATLAB’s lsqnonlin was developed and applied in or-
der to solve the coupled equations 13 & 14 in the NW, under the constraints given by Eq. 2
& 10 at the surface.
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B. Calculation details and model limitations
The potential, surface and depletion charges, and the barrier, were calculated for three
test cases: moderate, high, and a radial step-function doping
ND,1 = 5 · 1016 cm−3 (15)
ND,2 = 10
18 cm−3 (16)
ND,3(r) =
{
6 · 1018 cm−3 RNW − r < 5 nm
1018 cm−3 else
(17)
each of these cases was solved for four different surface conditions, one without surface states
(Dit = 0), and three with Dit = 10
13 cm-2eV-1, and different locations of the neutrality
level inside the band gap (qφ0 − EV = 0.4, 0.55, 0.7 eV). The other parameters used are
summarized in table I.
TABLE I: Fixed model parameters
Parameter Value
RNW [nm] 15-200
Temp. [K] 300
s [F/cm] 120
i [F/cm] 0
δ [nm] 0.5
qφB,ideal [eV] 0.62
Two aspects of this analysis set the model’s limitations: first, considering the diameter of
the NWs, solving Poisson’s equation rather than the coupled Schro¨dinger-Poisson equation,
is valid only when the diameter is larger than the electron wavelength in the material.
For standard semiconductors (such as silicon, GaAs, etc.) this corresponds to 20-30 nm28;
accordingly, the thinnest NWs considered hereunder are 30 nm in diameter. Second, the
continuous model for the ionized dopant charge is valid when there are enough dopants such
that a charge distribution function could effectively produce the results; when considering
thin NWs, low dopant distributions could correspond to several or even a fraction of dopants
per NW segment. In this work, the lowest concentration considered is 5 · 1016 cm-3, which
roughly corresponds to the few dopant limit per NW segment in 30 nm (diameter) NWs;
the analysis, in large part, deals with a doping distribution of 1018 cm-3, so we consider the
model applicable, and the results valid.
IV. RESULTS AND DISCUSSION
Figure 2 shows the calculated barrier height, as a function of NW radius, for the twelve
cases under consideration (three doping profiles, four surface configurations). The most
significant result, which is common to all simulation conditions, is the increase of barrier
height with NW radius decrease; in some cases this is a very large effect (e.g.∼ 100 meV
6
for the surface state free case in highly doped NWs when going from a 50 to 15 nm NW),
indicating that simply the size of NWs may have a significant effect on its contact prop-
erties. Two results were sought for, and act to validate the simulation results. First, the
barrier height values for thick NWs, represented by the dashed lines in Fig. 2b, which are in
excellent agreement with the planar solution (Eq. 2-5); second, the barrier height decrease
with increased doping, exhibited in the difference between sub-figures.
Since the main result is exhibited in all cases, from now on we focus on the second case
- high uniform doping; figure 3 shows the calculated surface and volume (depletion) charge
for that case. The general trend of the NW depletion charge is clearly seen in Fig. 3a: even
though the depletion shell width increases as NW radius decreases, the depletion charge
decreases. For reference, we add the depletion charge calculated for the ideal case; it is clear
that the trend of depletion charge reduction is a result of the problem’s dimensionality and
geometry, and not the application of the non-ideal model. The surface charge also decreases
(in absolute value), however depending on the exact surface properties it can be either pos-
itive, negative or negligible. We note that the results are consistent even in the latter case,
where there is no surface charge, indicating this is not a surface charge related effect.
In order to enhance the understanding of the governing physics, we offer a direct com-
parison to the more intuitive planar case; figure 4a shows the same results as in Fig. 3a,
normalized by 2piRNW , yielding charge per unit-area values. The charge decrease trend is
now further emphasized; moreover, as NW radius increases, the depletion charge (per unit-
area) saturates, a result which is expected since large NW radii correspond to the planar
case, where there should be no radial dependence.
In order to examine if the barrier dependence is merely a capacitive effect, we examine
the influence of NW radius on the MOS capacitance. Figure 4b shows the cylindrical ca-
pacitance per unit-area, obtained according to Eq. 9 normalized by 2piRNW . The relative
change in capacitance (˜1− 2%), is clearly not enough to account for the significant changes
in the barrier hight, and in the depletion charge.
Considering the results for the barrier height and depletion charge, and the fact that
the capacitance alone cannot account the observed effect, we suggest a simple qualitative
explanation for the results, as follows. As NW radius is decreased, the depletion charge
correspondingly decreases (Fig. 3,4); since the capacitance of the system hardly changes
with radius, the voltage drop on the capacitor is reduced. On the other hand, the potential
drop across the metal-semiconductor contact is geometry independent, and is given by the
material parameters (Eq. 1); if so the rest of this potential drops across the depletion region,
hence the barrier increases as the radius decreases.
The only experiments we are aware of, directly dealing with size effects on metal-NW
barrier height are reported by Yoon et al.29; contrary to our predictions, they have found
a decreasing barrier height with NW size reduction, for N-type SiNWs. The theoretical
model that Yoon et al. presented to account for their data, was not based on Bardeen’s
approach; we believe that Bardeen’s approach is the appropriate model that should be ap-
plied, as in planar structures. However, a different effect may explain their results - related
to doping incorporation. In chemical vapor deposition (CVD) NW growth, dopant incor-
poration through the NW sidewalls is a well-known and significant doping mechanism19,21;
considering that NW sidewall area (where the dopant atoms enter the NW) down-scales
with radius, and that NW volume (where the dopant atoms distribute) down-scales with
the radius square - it could be that for given growth conditions, the doping concentration in
thinner NWs is larger, what would result in lower Schottky barriers, as seen above according
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FIG. 2: Calculated non-ideal barrier height vs. NW radius: (a) low doping; (b) high
doping; (c) non-uniform doping. In each sub-figure the barriers for different surface
properties are shown, either no surface states (blue dots) or different locations of the
neutrality level (triangles and squares as specified in the legend). The dashed lines in [b]
represent the corresponding planar values.
to the non-ideal model.
In a different study, by Koles´nik-Gray et al., researchers have observed the unpinning of
Fermi-level at the surface of GeNWs30; this result points to the diminishing role of surface
charge in the determination of contact properties, in agreement with our calculations. Fur-
ther work is needed in order to determine to what extent their experimental results could
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FIG. 3: Calculated (a) depletion and (b) surface charges per unit length for the high
uniform doping case (Fig. 2b, data markers are the same). The depletion charge for the
ideal model is added to [a] for comparison.
be described by the model presented here, and what parameters could be extracted.
V. SUMMARY
To conclude, we have rigorously addressed the issue of non-ideal metal-semiconductor
interfaces in metal-wrapped NWs; this was done by applying Bardeen’s model for the inter-
face, to NW systems of various radii, doping profiles and surface properties. A numerical
solution to the problem was calculated, and the results show a clear trend of increased barrier
height with size reduction. This result intensifies with high doping levels, and interestingly,
it is exhibited in the surface-state free case, as well as in the high surface state density cases.
Importantly, the change of barrier height, calculated for values typical to silicon, can be as
large as ∼ 100 meV, which is expected to have a significant effect on NW device properties;
in comparison, the image-force effect in NWs is smaller by 1-2 orders of magnitude31. We
show that the size dependence of NW depletion properties is behind this large effect: the
depletion charge rapidly decreases with NW size reduction, and as a result the potential
drop on the interfacial layer decreases as well. Subsequently, the remainder of the potential
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FIG. 4: (a) Calculated depletion charge per unit-area for the high doping case; this is the
data shown in Fig. 3a, normalized by the NW radius; (b) The capacitance per unit-area
for the NW/interfacial-layer/metal system considered here as a function of NW radius,
after Eq. 9; the planar value is shown for reference.
drops on the semiconductor depletion region. We believe that taking this effect into account
in the analysis of NW devices with metal-wrapped Schottky contacts, will help in accurately
determining important NW properties such as doping levels, and surface charge densities.
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